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Earthquake site response estimates, derived from recordings of aftershocks of 
the October 17,1989 Loma Prieta earthquake in Santa Cruz, Calif., are compared to 
synthetic site response estimates calculated from models of the sites’ seismic 
impedance structure. The impedance structure of each site is determined primarily 
from interpretations of high-resolution F-wave seismic reflection and P- and 5-wave 
refraction data, and secondly, from published data on regional geology and 
geophysics. This study is motivated by an assumption that the impedance structure 
of a site, and its seismic response, can be accurately estimated from geophysical and 
geological data other than direct recordings of weak or strong ground motion at a 
site. The results of this study suggest only limited success in predicting the seismic 
response and point out the critical importance of highly accurate seismic velocity 
data.
Aftershock ground motions were recorded using three-component digital 
seismographs and then converted to Fourier spectra. The seismic response estimate 
is determined by summing the ratios of spectral amplitudes from up to eight 
aftershocks recorded at a site under investigation to a reference site located on 
crystalline bedrock. The synthetic site response is calculated by forward modeling 
the vertical, radial, and tangential seismic response of the geologic models. This 
modeling program produces a Fourier spectral ratio between two sites. A synthetic 
spectral ratio, up to 10 Hz, between the two sites is generated to compare with the 
observed spectral ratio.
Models generated by perturbing ray parameter, Q, and layer density, depth 
and velocity were computed to estimate their importance in shaping the spectral
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ratio. Results indicate that of these parameters layer velocities are the most 
influential in spectral ratio shape and probably should be known to within about 5% 
in order to accurately predict ground response at frequencies above 5 Hz. Poor 
seismic velocity control (especially for 5-waves) on materials between 30 and 250 m 
was found to be a major weakness in this study. The other parameters appear to be 
of second-order importance relative to seismic velocity.
Comparing the synthetic and observed spectral ratios at two stations shows 
mixed results: synthetic amplitudes are 2 to 4 times smaller than the observed; there 
is good agreement in curve shape below 5 Hz for both vertical components and one 
tangential component; and there is poor agreement for both radial components and 
one tangential. A 1 Hz resonance on the horizontal components and about 3.5 Hz 
on the vertical components, between the ground surface and a high-impedance 
crystalline basement reflector at about 200-m depth, is successfully estimated on the 
synthetic data. Smaller amplitude and higher frequency (5 to 10 Hz) resonance 
peaks are not accurately estimated by the synthetic data. Below 5 Hz smoothed 
resonant peak amplification of ground motion at sites located on unconsolidated 
sediments (non-rock sites) on the stacked, observed data is 5 to 13 times greater 
than the reference site.
At both sites studied the synthetic tangential component (SH-wave) 
demonstrates the best agreement to observed data in both amplitude and resonant 
peak location. This suggests that phase conversions and reflections from other 
interfaces (3-D scattering effects), are too complicated to permit accurate 
simulation with the P  and SV  components. Another complication may be caused by 
the relatively large distance between stations used in this study, which probably
iv
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violates the important "identical path" assumption used in site response studies. 
Therefore, unknown effects due to differences in seismic wave path probably exist 
for frequencies above about 2 Hz. Also, differences in site geology between the 
aftershock recording stations and the reflection/refraction sites may account for 
some of the discrepancy because space and security requirements did not permit co- 
location of these sites. Distances between the two sites were about 200 to 300 m. 
Future studies of this type should include S-wave reflection data and better P- and 
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The geographical variation of building damage and the fatal consequences of 
structural failure caused by locally amplified ground shaking (site response) from 
the Ms 7.1 October 17,1989 Loma Prieta earthquake have been observed before 
in the San Francisco Bay area and other regions. The 15 s of strong ground 
shaking produced by the earthquake, which had its epicenter about 80 km south of 
San Francisco (Figure 1), resulted in the most costly single natural disaster in U.S. 
history with 61 fatalities and 6 to 7 billion dollars in damages as estimated by the 
California Office of Emergency Services. Most of the heavy damage occurred in 
parts of the Bay Area underlain by known deposits of unconsolidated materials 
which, as predicted (Borcherdt and Gibbs, 1976), locally amplified the intensity of 
ground shaking (USGS, 1990). Besides the Loma Prieta event, other recent 
devastating earthquakes which had strong site effects were the 1985 Michoacan, 
Mexico earthquake (Singh et al., 1988) and the 1988 Armenian earthquake 
(Borcherdt et al., 1989).
Although ground motion at a given site is affected by the seismic source 
mechanism, earthquake distance and size, seismic wave travel path, and near­
surface geologic materials, numerous studies have demonstrated that the near- 
surface geologic conditions are the most influential factor in determining the 
amplitude of ground shaking. The amplification effects of near-surface materials 
were recognized by Wood (1908), who observed that the amount of damage 
produced by the 1906 San Francisco earthquake depended chiefly on the 















Figure 1. Location of the Loma Prieta main shock, aftershock zone, major faults, 
and the Santa Cruz study area.
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Since Wood’s work, the effects of near-surface geology on ground motion 
magnitude have been studied in many areas, such as Venezuela, Mexico City, the 
San Francisco Bay Area, Los Angeles, and Olympia, Washington. In a study of soil 
amplification effects on seismic waves in Caracas, Venezuela, Espinosa and 
Algermissen (1972, p. 47) noted that:
The surficial materials beneath the site often affect the amplitude and 
phase relationships of seismic waves in a manner disproportionate to 
the fraction of length of the wavepath they represent.
This description aptly applies to the dramatic site effects which occurred in Mexico 
City, 400 km from the epicenter of the 1985 Michoacan earthquake: strong motion 
data from this earthquake revealed that areas of Mexico City underlain by soft 
lake-bed clay amplify surface ground motions 8 to 50 times more than nearby 
locations on firm ground (Sing et al., 1988). The Mexico City study differs from 
the Caracas study by using strong motion data versus weak motion aftershock data. 
Other studies emphasize that sites separated by only a few km may experience 
ground motion that differs by a factor of 10 simply because the geologic material 
within 200 m of the surface can change drastically over short distances and have 
vastly different physical properties from the underlying rock through which the 
seismic wave passed (Borcherdt, 1970).
The underlying assumption in several of these studies is that the site response 
estimates generated from weak-motion (low-strain) data predict strong-motion 
behavior, though it is known that this is not true in all cases. For example, Sadigh 
(1983), Idriss (1985), and Chin and Aki (1991) suggest that non-linear site response 
invalidates weak motion amplification predictions in the epicentral area; Kawase
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and Aki (1990) have shown that topographic effects must also be considered; and 
others (e.g., Jarpe et al., 1989) have demonstrated discrepancies between weak 
motion predictions and observed strong motion behavior.
Despite the limitations of weak motion data, several studies have successfully 
predicted strong-motion behavior from them. Borcherdt (1970), who was one of 
the first to transfer weak-motion data into strong-motion predictions, studied the 
amplification factor of weak-motion recordings at soft-sediment sites in the San 
Francisco Bay Area from nuclear explosions at the Nevada Test Site and found 
good correlations between the amplification factor and intensity measurements 
from the 1906 and 1957 San Francisco earthquakes. Borcherdt (1990) also found 
that, in general, his maps of ground-shaking potential developed in the 1970 study 
correctly predicted strong-motion records from the Loma Prieta earthquake. 
Rogers et al. (1985) and King et al. (1990a) conducted similar studies respectively 
in Los Angeles and Olympia, Washington, that support the applicability of 
predicting strong-motion behavior with weak-motion data.
Because of its devastating consequences, it is important to develop methods 
that can identify potential locations of earthquake ground motion amplification 
caused by local geologic conditions. This study tests the usefulness of 
incorporating high-resolution seismic reflection data into the plane-layered model 
site response estimation technique to constrain surface ground motions from 
synthetic seismic impedance models of the near-surface structure. The general 
approach of this study is similar to the modeling work by Joyner et al. (1981), King 
and Tucker (1984), and Seale and Archuleta (1989), among others. These studies 
developed seismic models based on borehole and refraction data; this study differs
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by using seismic reflection data to constrain the geologic models. In predicting site 
response, seismic-reflection and refraction data have the advantage that they can 
be easily applied to areas which have not recently had a major earthquake. 
Successful application of the approach used in this thesis would demonstrate that 
variations in seismic ground response can be calculated from detailed knowledge 
of only the upper 200-300 m of surficial geology.
To test this approach, a site response study was conducted in Santa Cruz, 
Calif., a town located only about 12 km from the epicenter of the Loma Prieta 
earthquake (Figure 1), but not previously analyzed for site response effects.
Within the city of Santa Cruz the amount and degree of structural damage varied 
widely (King et al., 1990b). Some buildings in Santa Cruz, particularly those in the 
downtown section (built on unconsolidated alluvium), were severely damaged by 
the earthquake while other areas of the town located on firm ground or bedrock 
experienced little or no damage (King et al., 1990b). This surficial geologic 
variation appears to greatly influence the amount of building damage observed in 
Santa Cruz. Part of the structural damage variation is related to age and building 
type, but as established by Cranswick et al. (1990) in a site response study that 
focused on downtown Santa Cruz, the downtown alluvial flood plain area does 
amplify ground motion relative to sites outside of the alluvial basin.
The apparent correspondence of building damage and surficial geology in 
Santa Cruz prompted the USGS to start a 3-phase site response investigation 
immediately following the mainshock. Phase I was a damage survey of the town 
(King et al., 1990b). Phase II consisted of recording hundreds of aftershocks with a 
network of portable seismographs at 43 different locations in Santa Cruz
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distributed over widely differing geologic conditions (Carver et al., 1991). In phase 
HI, the USGS acquired high-resolution seismic refraction and reflection data in 
flat-lying areas as near as possible to some of the aftershock recording sites to 
determine the relationship between near-surface ( < 200 m depth) geophysical 
parameters (layer thickness, P- and S-wave velocity) and observed ground motion 
(King et al., 1990c).
Using the aftershock data, in conjunction with the seismic reflection data, 
this study evaluates 1) the usefulness of the seismic reflection and refraction data 
in site response studies, 2) the effect on synthetic site response calculations of 
factors such as density, velocity, layer thickness, Q, and incidence angle, and 3) the 
accuracy of the site response models at 2 sites in Santa Cruz (Figure 2). The phase 
HI reflection and refraction data, along with published gravity and refraction data, 
are used to construct 2-D plane-layer impedance models and, using a computer 
program that incorporates Haskell matrix methods, generate synthetic surface 
seismograms of 2 sites in Santa Cruz.
Comparing the predicted and observed site responses (derived from phase II 
aftershock recordings) in terms of spectral ratios tests the influence of the above 
factors and the accuracy of these predictions. The results suggest that only part of 
the site response can be explained by the technique and data used in this study. 
Potentially damaging resonant frequencies are successfully predicted, but their 
amplitudes are underestimated in the synthetic data. The reflection profiles 
themselves prove to be valuable because, as representations of a site’s impedance 
structure, they allow accurate estimates of resonance frequencies to be calculated 
directly from the two-way traveltime of reflections.
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Santa Cruz Study Area
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Figure 2. Local geologic map showing location of seismic reflection/refraction
sites (diamonds), aftershock recording stations (triangles), and boreholes 
(circles). Sites MHE, TPK, BVE, and and TRE are located on the same 
marine terrace. Sites CNT, SCH, and NRY are located in the San 
Lorenzo River alluvial basin. The area covered in this figure is wholly 
within the Santa Cruz city limits.
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Spectral Ratio Technique and Assumptions
The spectral ratio technique, an important tool in site response 
investigations, is used to analyze two important features about ground motion 
during an earthquake: which frequencies were amplified, and the total 
amplification factor at a given site. Using the spectral ratio method, the effects of 
near-surface geologic conditions on seismic records can be isolated (Borcherdt, 
1970; Espinosa and Algermissen, 1972; Joyner et al., 1981; Rogers et al., 1985; and 
King et al., 1990a). In most spectral ratio studies a reference site is selected on a 
bedrock outcrop (as is the case in this study) and the Fourier spectra of the 
seismogram from this site Fj(w), which is usually low in amplitude, is compared to 
all other stations Fn(w) by a spectral ratio as in
Fn (w)/Fi(w) = [S(w)Pn (w)In(w)Tn(w)]/lS(w)Pj(w)Ij(w)Tj(w)], (1)
where S(w) are the source functions, P(w) are the path effects incurred by waves 
traveling to the station, In(w) are the instrument responses, and Tn (w) represents 
the transfer function of the near-surface material beneath each station n. Spectral 
ratio computations assume that instrument responses are identical and, because 
the recording stations are located close together relative to the distance to the 
earthquake focus, then wave paths are assumed to be identical except for the 
portion near the recording station. Thus the only element in (1) changing between 
stations is Tn (w), thereby forming the expression:
Fn(w)/Fj(w)  = Tn (w)/Tj(w) = A n>](w), (2)
where is the spectral amplification function of the system.
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All assumptions described above appear to be satisfied in this study except 
"close" station spacing relative to earthquake focus distance. Menke et al. (1990) 
empirically found that when the distance between stations is greater than one third 
to one half of a wavelength, the observed signal coherency is not statistically 
different from that between two recorded signals of random noise. Applying this 
distance criteria to this study leads to the following derivation with D the distance 
between stations, L  the wavelength, v the seismic wave velocity, and f c the "cutoff1 
frequency:
D  = 1/2 (L)
L  = v/fc
fc  = v/2D. (3)
Assuming P- and 5-wave velocities of 6 km/s and 3.4 km/s, and D  equal to 2.5 km 
for the distance between the hard-rock reference site and the stations located on 
unconsolidated sediments, limits "identical paths" to frequencies below 1.5 Hz for 
.P-waves and 0.85 Hz for 5-waves. Despite this empirical limitation it was decided 
to continue the investigation because of some promising preliminary results for 
frequencies above/c, and the ability to use other stations as the reference site 
which will make D  smaller.
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SANTA CRUZ GEOLOGIC SETTING
Local Setting
The city of Santa Cruz is located on the California coast at the foot of the 
Santa Cruz Mountains. The surficial geology in the city tends to divide the 
developed areas into three parts (Figure 2): 1) the downtown business district, 
located on unconsolidated Holocene alluvium deposited by the north-south 
running San Lorenzo River running north-south through the middle of town, 2) 
marine terraces, where a majority of the residential housing is located, are areas 
elevated about 10 to 20 m above the central alluvial plain, and 3) a less densely 
populated highlands area which contains both older marine terraces and exposed 
crystalline basement rocks. The important geologic units described above are 
summarized in a lithologic log (Figure 3) taken from Stanley and McCaffrey 
(1983).
Crystalline Basement Rocks
Santa Cruz is situated about 20 km from the San Andreas fault (Figure 1). 
The crust beneath Santa Cruz is a batholithic terrain that is composed primarily of 
Cretaceous granitic rocks and pre-Cretaceous schist and marble (Clark, 1981). 
Walter and Mooney (1982) determined from an east-west seismic refraction 
profile a few kilometers north of Santa Cruz that the P-wave velocity structure of 
these crystalline basement rocks can be subdivided into four separate crustal 
layers. According to Walter and Mooney (1982), layer 1 has velocities of 3.6-4.6 
km/s and comprises only the upper 2 km of the crust, with the 3.6 km/s values
T-4184
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Figure 3. Generalized stratigraphic column for the Santa Cruz area. The
Monterey, Lompico, and Locatelli Formations are apparently absent in 
the immediate vicinity of the study area (see text). From Stanley and 
McCaffrey (1983).
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correlated with areas of Cenozoic sedimentary rocks. Laboratory velocity studies 
on crystalline rock samples from this region support the 4.6km/s value for layer 1 
(Lin and Wang, 1980). The remainder of the crust (layers 2,3, and 4) from 2 to 
about 25 km depth is made up of rock with velocities from 5.3-6.55 km/s.
Shear-wave velocity information on these basement rocks is unfortunately 
less abundant. Hamilton et al. (1964) report a shear-wave velocity of 3.42 km/s 
from quarry-blast refraction data that represents a poorly constrained average 
value for mid-crustal depths. Using this 5-wave value and the mid-crustal P-wave 
velocity results in a Poisson’s ratio of 0.3. Using this Poisson value in the other 
layers suggests 5-wave velocities of 1.9-2.5 km/s (layer 1); 2.8 km/s (layer 2); 3.2 
km/s (layer 3); and 3.4 km/s (layer 4). Focal depths for the Loma Prieta 
aftershocks used in this study were all located in the 8 to 14 km depth range 
(USGS, 1990).
Based on average rock densities of 2.6-2.8 g/cn?  for granite and marble 
samples from around the world (Daly et al., 1966), a density of 2.7 g/cm^ will be 
used for the synthetic models. Additional support for this range of densities comes 
from a study by Gibbs et al. (1976) who determined a density of 2.52 g/crc? for a 
quartz diorite sample, similar to the igneous rocks in the Santa Cruz vicinity, taken 
from 29 m depth in a borehole located on a terrace about 40 km north of Santa 
Cruz. Because this sample of quartz diorite was probably disturbed during drilling 
and the density was not measured in-situ, and due to the presence of metamorphic 




Three major formations of marine Cenozoic sedimentary rocks form a thin 
cover overlying the crystalline basement in the Santa Cruz city area; they are, from 
oldest (upper Miocene) to youngest (upper Miocene to Pliocene), the Santa 
Margarita Sandstone, Santa Cruz Mudstone, and the Purisima Formation. 
Underlying these formations are the Monterey Formation, Lompico Sandstone, 
and Locatelli Formation, but because of a lack of outcrop (and evidence from the 
seismic reflection data to be described later) these strata appear to be absent in 
the immediate vicinity of the study area. The lithology of the formations present in 
the Santa Cruz vicinity varies slightly throughout the area but the Santa Margarita 
Sandstone was described by Clark (1981) as a 'Very thick bedded, to massive 
thickly crossbedded, friable granular medium- to fine-grained arkosic sandstone"; 
the Santa Cruz Mudstone was described as a "medium- to thick-bedded and 
blocky-weathering siliceous organic mudstone" (more resistant than the friable 
sandstone of the underlying Santa Margarita); and the Purisima Formation was 
described as a "very thick bedded tuffaceous and diatomaceous siltstone with thick 
interbeds of semifriable fine-grained andesitic sandstone." In the study area these 
units range in thickness from 10 to 30 m and dip about 3 to 8 degrees in a southerly 
direction. Two prominent wave-cut marine terraces have been formed in the 
Cenozoic sedimentary rocks in Santa Cruz (Bradley and Griggs, 1976); most of the 
town was built on these terraces. The two terraces have generally flat-lying 
surfaces, with the older terrace raised about 50 m above the younger one by 
continuing regional uplift (Valensise and Ward, 1991).
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Shallow refraction data acquired by King et al. (1990c) reveal that the near- 
surface P- and S-wave velocities of these strata as measured on the marine terraces 
can vaiy by 50% over distances of 500 m. P-wave velocities range from 1.7 to 3.0 
km/s. Shallow 5-wave velocities of the Cenozoic rocks are not well defined, but 
the data from one site indicate a 1.0 km/s velocity.
The range of possible densities for sedimentary rocks from around the world 
is between 2.2 to 2.7 g/cw? (Daly et al., 1966), but younger rocks of Cretaceous 
age tend to have a lower density than Paleozoic sedimentary rocks. Because Clark 
(1981) describes the Cenozoic sedimentary rocks in the Santa Cruz vicinity as 
generally friable, a lower value of 2.3 g/cw? is used in the synthetic models.
Terrace Deposits
A large part of Santa Cruz is located on a thin layer of terrace deposits 
overlying the Cenozoic rocks (Figure 2), with a small part in the northwest section 
of town located on crystalline granitic and metamorphic basement rocks. The 
Cenozoic sediments are unconformably overlain in most areas of Santa Cruz by 
terrace deposits which are described by Clark (1981) as a thin (1.5 to 6 m thick), 
discontinuous cover of marine and non-marine Pleistocene sediments (Clark,
1981). The terrace deposits consist typically of well sorted, fine to medium sand 
with local thin pebble and cobble gravel beds at their base (Clark, 1981). Seismic 
refraction data indicate that these terrace deposits, with respective P- and S-wave 
velocities of about 1.5 km/s and about 0.3 km/s, can be up to 10 or 12 m thick in 
some localities (King et al., 1990c). The refraction data also indicate a soil layer 
about 1 to 2 m thick present in most areas overlying the terrace deposits with
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respective P- and 5-wave velocities of about 0.25 and 0.15 km/s (King et al.,
1990c).
A density value of 1.9 g/ca?  is used for terrace deposits in the synthetic 
seismic models. This value was determined by Gibbs et al. (1976) from a borehole 
sample of terrace deposits on a coeval marine terrace located about 40 km north 
of Santa Cruz.
Alluvial Deposits
The primary exception to the coverage of terrace deposits is found in the San 
Lorenzo River flood plain, which is also the location of the major commercial 
business district of Santa Cruz. The San Lorenzo River divides the city into east 
and west flat-lying terrace sections (primarily residential areas), which are elevated 
about 10-20 m above the flat-lying alluvial flood plain in the middle. The river-cut 
drainage basin through the marine terrace formed 10 to 20 m high erosional 
escarpments in the Purisima Formation that line the basin edge. Quaternary 
alluvium consisting of unconsolidated Holocene silt and sand, discontinuous lenses 
of clay and silty clay, and large local amounts of gravel nearly fills the basin 
(Dupre, 1975). Borehole data at two locations (Figure 2) indicate that the alluvial 
basin is at least 30 m deep (Harding Lawson Associates, 1985,1989; Haro, 
Kasunich & Assoc., 1988, unpublished data). From refraction data a high-velocity 
basin-bottom event (i.e. bedrock) was not interpreted, but minimum depths appear 
to be about 30 m near the middle southern end of the basin (King et al. 1990c). 
This refraction study also determined seismic velocities of the basin fill material to 
be about 1.4 (P-wave) and 0.15 km/s (5-wave); typical of saturated, unconsolidated
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materials. Shallow borehole data from the basin indicate saturation with water 
table depths of 1 to 1.5 m. Results of the present study (see reflection data below) 
indicate a basin depth of about 40 m.
Density data for unconsolidated alluvium ranges from 1.7 to 2.1 g/crr? (Daly 





The goal of the seismic refraction data acquired and described by King et al. 
(1990c) was to determine the thickness and seismic velocity of geologic layers from 
the surface down to a depth of about 20 or 30 m. This maximum depth was 
imposed by space limitations at most of the sites, which restricted geophone spread 
lengths and source offsets.
The seismic refraction data were acquired along linear profiles on flat terrain 
in sod-covered school yards (MHE, BVE, SCH), sod-covered city parks (CNT, 
SOS, TPK), and an open undeveloped field of wild grasses with a soil pervasively 
churned by gopher burrowing (NRY) (Figure 2 and Table 1). Except for site CNT, 
which appeared to be underlain by about 3 m of dry sand, the sod-covered areas 
seemed to provide relatively good source and geophone coupling. The presence of 
gopher burrows, however, probably diminished geophone coupling because it was 
difficult to find firm, unburrowed ground to plant geophones. The surficial dry 
sand at CNT and the gopher burrows at NRY apparently hurt data quality, thus 
preventing detection of the alluvial basin bottom by refraction methods.
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TABLE l.--Station Names, Locations, and Recorded Data Type.
Station_______________________ Location
BAR Reference Site: Aftershock Recording/Refraction
BLA 223 Blackburn St.: Aftershock Recording
BVE Bay View Elementary School: Reflection/Refraction
CNT Santa Cruz County Bldg., Water St.: Refraction
MHE Mission Hill Elementary School: Reflection/Refraction
NRY east side of Nearys Lagoon: Reflection/Refraction
SCH Santa Cruz High School: Reflection/Refraction
SOS Star of the Sea Park: Reflection/Refraction
TPK Trescony Park: Reflection/Refraction
TRE 154 Trescony St.: Aftershock Recording
The limited depth penetration of the refraction data results presented by 
King et al. (1990c) restricted detection to only three very shallow layers at each site 
for both the P- and 5-wave data. These layers, starting at the ground surface, are a 
1- to 2-m thick soil layer, underlain by a 2- to 10-m thick terrace deposit layer at 
terrace locations, or saturated alluvium (P-wave velocity of about 1.4 km/s) at 
locations in the alluvial basin. Underlying the terrace deposits, the deepest units 
detected (6- to 20-m depth) were apparently more consolidated material that could 
be the Purisima formation with 2.05 to 3.0 km/s P-wave velocities and 0.6 to 0.9 
km/s 5-wave velocities. In contrast, at sites in the alluvial basin, no materials with 
a velocity over 1.77 km/s were seen, suggesting that strata beneath the alluvium 
were not detected.
Perhaps the most important result for the synthetic models comes from a 
comparison of the 5-wave refraction velocities in the alluvial basin to those 
detected on the terraces. In the basin, 5-wave velocities range from about 0.08 to 
0.17 km/s down to about 20 m depth while on the terraces the 5-wave velocity rises
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 8 0 4 0 1
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to 0.5 km/s at about 5-m depth (Figure 4). The contrast in 5-wave velocity 
between terrace sites and basin sites is probably their most distinguishing 
difference, which is graphically portrayed in Figure 5. The low 5-wave velocities 
encountered in the basin are typical of saturated, unconsolidated sediments found 
in other parts of the Bay area (Gibbs et al., 1976), and Mexico City (Figueroa, 
1964).
After the King et al. (1990c) investigation, an additional reversed P-wave 
refraction survey was acquired specifically for this study on crystalline rock in an 
abandoned marble quarry near site BAR. Interpretation of these data indicates 
that the crystalline rock has a seismic velocity of 4.0 km/s within about 2 m of the 
surface. This velocity is significantly higher (at least 25%) than any other 
encountered in the refraction or reflection surveys and distinguishes site BAR 
from all other sites in this study. However, significant uncertainty exists 
concerning the velocity structure from about 30 m depth to the crystalline 
basement interface. The refraction data at the quarry suggest an upper bound of
4.0 km/s, and data from other sites indicate a lower bound of about 2.5 to 3.0 
km/s. Conceivably, the velocities in this interval could vary by up to about 50%, 
though it is reasonable to expect that the velocities of the Tertiary units never 








1 2 7  m / s
2 1 8 * m / s





Figure 4. S-wave refraction profiles showing slower near-surface velocities at 
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Figure 5. Comparison of S-wave velocities at 4 terrace sites and 3 alluvial basin 
sites at 10 and 20 m depths. Velocites at basin sites are not greater than 
200 m /s at 20 m depth. Because the SCH survey was conducted near the 
edge of the basin, the 500 m/s velocity there probably represents detection 
of basin-bounding Tertiary rocks.
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Reflection Data
Because of the 35 m depth penetration achieved in the refraction surveys, 
especially in the alluvial basin, reflection profiling was used to extend the depth 
penetration and detect the alluvial basin bottom. Indeed, high-amplitude 
reflections were obtained from depths ranging from 30 to 250 m at all sites and the 
basin-bottom was detected. Because of the success of the reflection surveys in 
imaging several shallow interfaces, these data form the primary information source 
used to construct the geologic models. The reflection data used in this study 
consist of 6 P-wave profiles which, except for sites SCH and NRY, were collected 
along the same refraction line locations so the surface materials are the same. 
Reflection lines at sites SCH and NRY were moved to nearby positions in an 
attempt to improve source and geophone coupling, and to avoid possible seismic 
signal complications with the edge of the alluvial basin at site SCH. The seismic 
reflection data were acquired by USGS personnel using a standard common depth 
point (CDP) acquisition method (Mayne, 1962). All data were collected using 
end-on source-reeeiver geometry, with source offsets from the near trace ranging 
from 15.2 to 30.5 m and a 0.6 to 1.2 m geophone-and-shot interval. The seismic 
source was a modified 12-gauge shotgun that vertically fired a 0.03 kg slug into a 15 
cm deep hole that was punched into the ground at each shotpoint.
Some of the data (MHE, TPK, BVE, and SOS) were recorded using an 
Input/Output DHR 2400 24-channel seismograph with single 100 Hz geophones at 
each station. At sites SCH and NRY an EG&G 2401 24-channel seismograph was 
used with single 40 Hz geophones at each station. The record lengths and sample 
intervals were 500 ms and 0.5 ms respectively for the DHR system, and for the
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EG&G system they were 409 ms and 0.2 ms respectively. Because of the DHR 
system’s limited dynamic range of only 72 dB (compared to 114 dB for the EG&G 
system) an analog low-cut filter (-3 dB point of 180 Hz with 24 dB/octave roll-off) 
was used to help reduce recorded ground roll and boost the signal-to-noise ratio. 
No recording filters were used with the EG&G system. These recording 
parameters resulted in 12- to 24-fold CDP coverage and dominant reflection 
frequencies ranging from about 60 to 200 Hz. The data acquisition parameters are 
summarized in Table 2.
TABLE 2.~Acquisition Parameters for Seismic Reflection Data
Parameter DHR-2400 ES-2401
#  channels 24 24
geophone natural freq. 100 Hz 40 Hz
geophone interval 0.6 to 1.2 m 1.2 m
sample interval 0.5 ms 0.2 ms







near source-receiver dist. 15.2 m 30.5 m
far source-receiver dist. 29 m 58 m
recording filters 180 Hz (low-cut) none
recording format SEG-Y: mag. tape SEG-2: floppy disk
Reflection energy can be identified on raw, unprocessed field files from each 
site. In addition, the general reflection character of the seismic data on the raw 
field files does not vary greatly along any of the profiles and suggests a grossly 
similar near-surface geologic structure along the profiles. CDP stacked sections 
were generated for the 6 profiles on the USGS Branch of Petroleum Resources 
computer equipped with DISCO software using identical data processing
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parameters where possible. The high-quality reflection data required only simple 
standard processing (Table 3). Datum static corrections were not needed because 
of the flat topography along the profiles. The data have not been corrected for 
geometrical spreading losses or attenuation.
The accuracy of seismic velocities for reflections occurring deeper than about
0.1 s 2-way traveltime is limited due to the short length of the geophone spread 
and relatively high seismic velocities encountered. Little or no hyperbolic move- 
out is observed for reflections in this range and deeper; thus, the velocity model 
accuracy is degraded on deep reflectors. Despite this velocity control weakness, 
and because the reflectors are relatively flat, it is assumed the reflection stacking 
velocities are equivalent to layer RMS velocities; this allows for calculation of the 
layer interval velocities (Dix, 1955) and thus estimation of layer thicknesses.
TABLE 3.--Seismic Reflection Data Processing Steps
1. Geometry definition
2. Trace edit
3. Coherent seismic noise filters to attenuate air-blast and surface-wave
4. CDP sort
5. Normal Moveout Correction
6. Bandpass filter, generally: 100,120-300,400 Hz
at site SCH BP filter was: 30,60-150,300 Hz 
at site NRY BP filter was: 40,80-160,320 Hz 
7 Cl IP stack
8. Predictive Deconvolution at sites MHE, NRY, SCH, SOS, and TPK
9. Bandpass filter, generally: 60,120-240,400 Hz
at site SCH BP filter was: 30,60-150,300 Hz 
at site NRY BP filter was: 40,80-160,320 Hz
10. Automatic Gain Control, generally: 100-125 ms gate length
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Reflection Data Interpretation
Though only two of the reflection/refraction sites are synthetically modeled 
in this study, all 6 sites are used to assess the variability of seismic velocity and to 
verify regional structure. The 6 stacked reflection profiles are displayed with the 
two-way traveltime annotated to the right of each section (Figures 6-8). On each 
of these profiles, except for station TPK, there are generally two prominent regions 
of reflectivity and one transparent zone that lacks reflectivity. The upper region 
(above 0.1 s) of reflectivity contains several reflections that obviously form high 
impedance contrasts and might represent the thick units of semifriable sandstone, 
which are common in the Purisima formation (Clark, 1981), interbedded with 
diatomaceous shale. This upper zone of reflectivity represents about 20 to 50 m of 
material. The reflector at the top of the upper zone of reflectivity was selected as 
the uppermost interface of the synthetic model of the terrace site BVE.
The shallowest layer detected ranges from about 20 m depth at station BVE 
to about 30 m depth everywhere else. This shallowest layer is probably a unit 
within the Tertiary strata for sites on the terraces. But, on the two sections from 
the alluvial basin, high-amplitude reflections near the top on section SCH (at 
about 0.05 s) and NRY (about 0.065 s) probably represent the reflection generated 
at the alluvium-Tertiary bed interface. These traveltimes for SCH and NRY 
correspond to about 40- and 44-m depths respectively. This basin-bottom reflector 
was selected as the uppermost interface for the basin model at site SCH.
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Figure 6. Stacked seismic reflection profiles from station BVE (top) and SCH 
(bottom). Two-way traveltime is annotated on the right o f  each section. 
Primary interfaces and their depths are annotated on the left of each 
section. High-frequency diagonnaly-trending coherent signal between 0.09 
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Figure 7. Stacked seismic reflection profiles from station MHE (top) and TPK 
(bottom). Two-way traveltime is annotated on the right of each section. 
Primary interfaces and their depths are annotated on the left of each 
section. In contrast to other reflection profiles, note absence of 
continuous) high-amplitude reflector for crystalline basement between 0.1 
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Figure 8. Stacked seismic reflection profiles from station SOS (top) and NRY 
(bottom). Two-way traveltime is annotated on the right of each section. 
Primary interfaces and their depths are annotated on the left of each 
section.
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This upper zone of reflectivity is underlain by a zone 60 to 150-m thick that 
lacks reflections. This low reflectivity zone could be the Santa Cruz Mudstone 
(SCM) because it underlies the Purisima formation and is a medium to thick 
bedded siliceous mudstone with no notable interbeds (Clark, 1981).
Underlying the low reflectivity zone on all sections except TPK is a distinct 
high-amplitude reflector that often appears as a doublet. This reflector occurs 
between 0.14 and 0.25 s (140 to 250 m depth) and tends to become deeper from 
north to south in accordance with the regional dip of about 3° to 8° south (Clark, 
1981). Two possible units that could produce this reflector are the Monterey 
Formation (interbedded siliceous mudstone and sandstone) and crystalline 
basement (schist, marble, and granitic rocks).
Several lines of evidence argue against the Monterey Formation as a 
candidate; unfortunately the seismic velocity analysis of the reflection data cannot 
be used as a discriminator because of the relatively small normal moveout 
correction on this reflector. First, as noted above, the Monterey is composed of 
interbedded mudstone and sandstone, but on the sections there are no other clear 
reflections below the primary that would suggest interbedding like that in the 
overlying Purisima. Second, Clark’s (1981) geologic map of the Santa Cruz area 
shows that the Monterey does not crop-out in the immediate vicinity even though 
older crystalline rocks do. Third, the Monterey is not expected to have an 
adequate impedance difference from the SCM, since they are both siliceous, to 
produce this strong reflector. For example, reasonable velocities and densities for 
the SCM/Monterey (2.9 km/s, 2.2 g/cm^/3.1 km/s, 2.3 g/cn?) and the 
SCM/crystalline basement (2.9 km/s, 2.2 g/cm^/4.0 km/s, 2.7 g/cnr*) generates
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reflection coefficients of 0.06 and 0.26 respectively; the SCM/Monterey coefficient 
is characteristic of weak reflections whereas the SCM/basement coefficient is an 
above average value (Sheriff and Geldart, 1982). Finally, a gravity study within the 
city of Santa Cruz by Stanley McCaffrey (1983) placed crystalline basement at 
depths almost identical to that determined for this strong reflector (Figure 9). This 
basement reflector was selected as an interface in models at BVE and SCH.
The gravity study also helped resolve an interpretation of the reflection data 
at station TPK. The reflection record at this site, which is only 0.4 km from a more 
typical record at station BVE, is anomalous because it lacks the low reflectivity 
zone and underlying Tertiary rock/crystalline basement reflector. The gravity 
study places the Ben Lomond fault between stations TPK and BVE. This normal 
fault, with about 250 m of down-to-the-east displacement (Stanley and McCaffrey, 
1983), suggests that the Purisima Formation and the low-reflectivity zone are 
missing at TPK, and that crystalline basement is probably much shallower. A 
strong reflector on TPK, which occurs at about 0.07 s (about 75 m depth), 
therefore, could be the crystalline basement, and about 150 m of offset from the 
basement reflector at BVE is indicated. The stepped appearance of the basement 
reflector at BVE also suggests that the Ben Lomond fault may be represented by a 
series of faults over a narrow zone.
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Figure 9. Bouger gravity anomaly, density model, and interpretive west-east 
geologic cross-section across study area. Symbols are: Kb, crystalline 
basement rocks; Tsm, Santa Margarita Sandstone; Tsc, Santa Cruz 
Mudstone; Tp, Purisima Formation; Qal, Quaternary alluvium. (From 
Stanley and McCaffrey 1984)
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Aftershock Recordings
In October and November 1989 the USGS deployed 43 portable 
Sprengnether DR200 digital seismographs in Santa Cruz to record aftershocks of 
the Loma Prieta earthquake for the site response study. For security reasons most 
of the seismographs had to be installed on the grounds of private residences, sites 
that did not permit adequate space for the exploration seismic surveys. Other than 
the reference site (BAR), the aftershock recording stations used in this study and 
listed in Table 1 (BLA and TRE) were selected because they were close to the 
surface seismic survey locations (Figure 2). Also, to maintain comparison 
consistency between observed and synthetic spectral ratios, each spectral ratio 
formed in this study incorporates site BAR In this study 8 earthquakes are used 
from the USGS site response study. These earthquakes range in magnitude from 
2.1 to 3.6 and had hypocentral depths of between 5 and 14 km (Table 4), as 
determined by the USGS CalNet (1989). The aftershocks are identified in this 
study by the day-of-the-year (e.g., day 303 = 30 October) and hour of origin 
(universal time coordinated) in which they occurred. The earthquake epicenters 
are plotted on a regional map showing their location relative to Santa Cruz (Figure 
10).
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TABLE 4.--Aftershock Source Parameters.
Event Date Latitude Longitude Deoth (kml Magnitude
302-13 10-29-89 37°02.9T -121°54.47’ 14.3 2.9
302-21 10-29-89 37°04.54’ -121°53.83’ 9.7 2.9
303-04 10-30-89 37°03.56’ -121°54.02’ 13.6 2.5
303-06 10-30-89 36°55.58’ -121°40.78’ 11.4 2.9
303-11 10-30-89 37°03.42’ -121°48.57 9.4 3.6
304-02 10-31-89 37°06.91’ -121°56.33’ 8.6 2.1
304-02 10-31-89 37°07.86’ -121°59.53* 12.4 2.2
304-08 10-31-89 37°03.83’ -i2i°48.26’ 8.2 3.3
The seismographs were equipped with Sprengnether S6000 2.0 Hz triaxial 
seismometers, whose actual natural frequencies vary in the 1.6 to 2.5 Hz range 
according to the manufacturer’s calibrations. The data were sampled at intervals 
of 5 ms (200 sps), anti-alias filtered at 50 Hz, and amplified by a factor of 10. In 
general, the seismometers were buried in soil at 0.3 to 0.6 m depth. The 
seismometer at the reference site, BAR, was buried within centimeters of the 
marble outcrop; seismometer leveling requirements prevented affixing it to the 
marble. All seismometers were leveled and oriented so that the North-South 
component is aligned with respect to magnetic north. The data were written onto 
cassette tapes for later analysis.
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Figure 10. Epicenter map of aftershocks used in this study (see Table 4). Circle 
size indicates relative magnitude of aftershock. Star marks epicenter of 
Loma Prieta main shock. (After Cranswick et al., 1990)
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Selected seismograms were analyzed on a PC using spectral analysis software 
written by Cranswick et al. (1989). First, the two horizontal component 
seismograms were rotated to the azimuth of the earthquake epicenter. Next, the 
seismograms from each station were displayed to allow for selection of a suitable 
time window for each component (Figure 11). In order to avoid possible 
complications with P- to S-wave conversions and surface waves, and to allow for a 
more equivalent comparison with similar phases on the synthetic data, each time 
window on the vertical and two horizontal components emphasized the first-arrival 
P- and S-wave signals. Several iterations of different window lengths were tried 
before choosing a 5.12-second time window (1024 samples). Two other window 
choices were tried, a 512-sample window and a 2048-sample window. The shorter 
window produced spectra with broader spectral holes than the 1024-sample 
window. The longer 2048-sample window was not used because it was judged to be 
contaminated with converted phases and surface waves. As observed in Figures 11 
the 5-second window emphasizes the first arrivals of the selected component. The 
1024-sample window, therefore, was long enough to reduce spectral hole width and 
short enough to reduce complications with other phases.
In order to remove a mean value (DC offset) before calculating spectra, a 
baseline DC average was determined from 5 seconds of pre-event signal and 
subtracted from the time series before calculating the spectra. Though the 0 Hz 
ratio amplitude is not plotted in any of the figures, the observed ratio in many 
cases does not appear to be declining toward a 0 value for frequencies below 0.5 
Hz as expected if the DC bias is removed. The "high" values near 0 Hz could be
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Figure 11. Timeseries for aftershock 304 08 recorded by three-component 
seismometer at station BAR (top) and station BLA (bottom). The 
position of the 1024-sample whole-cosine-bell window on the data used to 
generate spectrum is indicated. P- and S-wave first-arrivals are also 
mdicated.;
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caused by poor low-frequency instrument response at site BAR relative to the 
other sites’ instruments.
Following the DC bias removal, the data time window was tapered with a 
whole-cosine bell (Hanning window), as shown in Figure 11, before being 
transformed into the frequency domain where the spectra are divided. To reduce 
the effect of spectral holes in the ratio displays the spectral amplitudes were 
smoothed before division using a symmetrical 5-point (1.0 Hz) triangular moving- 
average window. This smoothing window length does not significantly change the 
overall character of the sprectra for the vertical, radial, and tangential components 
of observed and synthetic amplitude spectra (Figure 12).
To minimize the effects of scattering, incidence angle, and azimuth the 
smoothed BVE/BAR and SCH/BAR spectral ratios are determined for each of 
the eight earthquakes and summed together for comparison with the synthetic 
data. The 8 individual spectral ratios for the vertical, radial, and tangential 
components of SCH/BAR are shown in Figure 13. The ratios display a factor of 
10 range of amplitude, but the frequency response is less variable with an 
observable repeating shape. Thus, the sum of the 8 ratios (shown by the heavy 
line) appears to be a reasonable representation of the average ground motion to 
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Figure 12. Comparison of three components of smoothed and unsmoothed 
spectral ratios for synthetic data (top) and observed data (bottom). 






The spectral ratios are displayed only up to 10 Hz because this is an 
important frequency band in structural engineering; 10 Hz roughly corresponds to 
the natural frequency of a one-story structure, and 1 Hz roughly corresponds to a 
10-story building. Also, extremely poor agreement was obtained in a comparison 





Because the dominant frequency of the reflection/refraction data (about 50 
Hz) permits higher resolution of subsurface interfaces than the aftershock data 
(dominant frequency < 5 Hz), several interfaces were imaged that would probably 
have no effect on the earthquake signal. Therefore, as described in a previous 
section, only the most prominent reflectors were selected. The velocity models are 
each 10-km thick and composed of 9 horizontal interfaces over a half-space. 
Combining the published data with the seismic refraction and reflection data 
permits construction of the models shown in Figure 14. However, there is 
considerable uncertainty regarding the 5-wave velocity structure because none of 
the rocks in the 30 to 250 m depth range were directly measured for their 5-wave 
velocity. Only 2 indirect means of estimating 5-wave velocity are available. The 
first is from the Santa Cruz aftershock study by Cranswick et al. (1990) in which 
first motion P-waves on horizontal components are time delayed with respect to 
the first motions on vertical components. Cranswick et al. (1990) believe that the 
delays result fromP-to-5 conversions at the crystalline basement interface, and 
since the delays are absent at the rock site (BAR) and roughly equal at the other 
sites (0.2-0.3 s), the inferred traveltime through this layer is roughly 3 times the P- 
wave traveltime observed on the reflection data. The second is from examination 
of 5-wave resonance peaks (shown below) that convert to a 3:1 ratio of P  to 5-wave 
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Figure 14. Depth models for sites SCH, BVE and BAR showing layer depths, and 
assigned F- and S-wave velocities, and densities. In modeling, BAR 
structure is attached to base of SCH and BVE structures as the 
foundation.
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In this study it was assumed that the same basement structure underlies each of the 
sites. Therefore, each model has the BAR structure as its foundation. Other than 
the refraction information from the quarry site, which identified the 4.0 km/s P- 
wave velocity at the surface, all layers for BAR were determined from published 
data described in a previous section. As seen in Figure 14 the velocities at BAR 
smoothly from 4.0 km/s to 6.35 km/s at 10 km depth over 6 layers.
Data Generation
Synthetic seismograms were generated using a seismic response modeling 
program (T. Boyd, unpublished program) that makes use of propagator matrices 
following the Haskell (1953,1960) matrix methods. Incident homogeneous plane 
waves are assumed as input to the models. This assumption seems reasonable in 
this study only for frequencies above about 3 Hz. Below 3 Hz the aftershock 
recording stations are probably less than 10 wavelengths from the sources. This 
modeling program assumes a delta function input waveform, and calculates the 
response from the impedance structure of the geologic model. Then, a 1024- 
sample length of the resultant displacement seismogram, centered on the peak 
value of each phase (to emphasize direct arrivals), was extracted, detrended, 
multiplied by a whole-cosine-bell Hanning window (identical to the observed data 
window), and then fast Fourier transformed to generate the spectra. Wraparound 
noise in the seismograms created by circular convolution was investigated and 
found not to be a problem with the 4096 data points used and 100 Hz Nyquist 
frequency (equal to the Nyquist of the observed data). The spectra were then
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written to an ASCII file and transported to the PC so that the same triangular­
shaped spectral smoothing window (5 points) can be applied to the synthetic data.
Synthetic spectral ratios are produced in the same manner as described for 
the observed data: by a ratio of the non-rock site to the synthetic reference site 
BAR. The amplitude spectrum for the reference site is relatively flat compared to 
the non-rock sites, so the purpose of ratioing the synthetic spectra was simply to 
duplicate the observed data processing scheme and thereby remove free-surface 
effects, remove source effects and permit the use of synthetic displacement spectra.
Assuming horizontal layers, the angle of incidence at the base of the models 
was determined by calculating a ray parameter of about 0.13 for P-waves and 
about 0.2 to 0.3 for 5-waves from the aftershock data. A non-zero ray parameter 
introduces P-5 mode conversions at each interface in the model. The ray 
parameters used in this study translate to an incidence angle of about 30° for P- 
waves and 30° for tangential components at the surface of the reference site. The 
ray parameter was determined for the same phase arrival at two stations, for 
example TRE and SBR, by dividing the observed traveltime difference for this 
phase by the distance between these stations. For event 304-08 these two stations 
were within about 8° of being along the same azimuth to this earthquake’s 
epicenter, so correcting for this angular difference results in only about 8% error 
for assuming the two stations are along the azimuth from TRE to the epicenter.
There was more variability in determining 5-wave ray parameters as 
compared to P-wave ray parameters because: 1) it was more difficult to clearly 
identify identical phases at different stations, 2) clock correction errors may 
introduce some error, and 3) variable site delays could produce timing problems.
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Despite the uncertainty in calculating a ray parameter for the horizontal 
components, a value of 0.25 seems reasonable because it is roughly twice the P- 
wave value and reflects the roughly 2:1 published velocity ratio between P- and 5- 
waves in this region. A ray parameter of 0.25 was used for tangential components 
and a value of 0.16 was used for radial components. Values higher than 0.16 form 
post-critical incidence angles for P- and SF-waves and cause the modeling program 
to generate extremely high amplitude inhomogeneous P-waves and associated 
numerical errors (T. Boyd, personal commun.). Fortunately for pre-critical 
arrivals, as described below, it was found that the ray parameter does not have a 
significant effect on model response.
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MODELING RESULTS AND DISCUSSION
Before discussing a comparison of the observed and synthetic data at sites 
BVE and SCH an examination of the effect on seismic response of variations in 
individual model parameters, such as, incidence angle, density, attenuation (Q), 
seismic wave path, and seismic velocity, will clarify the relative importance of these 
parameters. Except for the seismic wave path test, which uses sites BVE, SCH, 
and BAR, and unless otherwise specified, all tests are conducted using spectra 
generated with normal incidence and Q values of 1000 for each model layer from 
site SCH and BAR.
Ray Parameter
In Figure 15 two synthetic spectral ratios with differing ray parameters are 
compared for the vertical and tangential components. The synthetic ratios were 
generated with vertical incidence and the non-zero ray parameters specified in the 
previous section. The amplitudes of the ratios derived from non-zero incidence 
angle differ (over narrow frequency bands) by up to 23% (vertical component) 
from the vertical incidence ratios, and in somewhat unexpected fashion, i.e., 
increased amplitudes were not expected. Overall, the relative amplitudes differ 
little, and the relative positions of the spectral peaks are virtually unchanged, 
therefore, it appears the synthetic model can be adequately described with vertical 
incidence. Joyner et al. (1976) also found a negligible effect on seismic response 
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Figure 15. Synthetic spectral ratios (SCH/BAR) generated using vertical
incidence (solid line) and the preferred value of ray parameter (dashed 




A comparison of spectral ratios generated using a +_ 10% change in the 
preferred density values obtained from the literature is shown in Figure 16. In this 
figure the spectral ratios formed using the _±_ 10% changes are displayed (dashed 
lines) against the spectral ratio formed using the preferred density (fine solid line), 
and all synthetics were generated using vertical incidence. A 10% increase in 
density causes up to a maximum 7% decrease in amplitude for some frequencies, 
and as expected, a -10% density change has the exact opposite effect on amplitude. 
Generally, the amplitudes are little affected and frequencies of spectral peaks are 
unchanged, so highly accurate density values are not essential for this modeling 
technique.
Attenuation. O
Shown in Figure 17 are the relatively minor effects, as compared to the error 
between the observed and synthetic site response data, of including reasonable Q 
values for the surficial layers at site SCH. Two synthetic spectral ratios are 
displayed for the vertical, radial, and tangential component. A synthetic generated 
with a uniform Q value of 1000 is compared to a model with a variable Q. As 
described earlier, no direct measurement of Q was available, so the variable Q 
model values were selected to be comparable to published data for saturated 
unconsolidated alluvium (Q=25), sedimentary rock (Q = 100), and crystalline rock 
(Q = 1000). Results using Q values of 300 to 500 for the crystalline rock are 
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Figure 16. Three synthetic spectral ratios (SCH/BAR) for the vertical and
tangential .component that were generated using the preferred density 
value (see Figure 14) shown by the solid line, and perturbations of +10% 
(long dashes) and -10% (short dashes).
T-4184 50
Q pn}i|dL L iv  ° i} D y
T-4184 51
the low Q value for the alluvium, the variable Q model results are virtually the 
same as the vertical component constant Q model, but significantly different for 
the horizontal components, especially for frequencies above 5 Hz. As expected, 
above 5 Hz on the horizontal components, the low Q values decrease amplitudes 
with increasing frequency, and help generate a spectral ratio that more closely fits 
the general amplification level, but attenuates the resonance peaks too severely at 
about 7 Hz. For frequencies below 3 Hz that have a potentially high level of 
amplification relative to the reference site, variable Q values have a negligible 
effect on the spectra and thus indicate that it is not an essential parameter at these 
frequencies. Generally, the results indicate that Q could be an important 
parameter for higher frequencies at sites without strong resonances. Joyner et. al 
(1976), and Shearer and Orcutt (1987) studied similarly derived seismic response 
models and also reported that the response was not highly sensitive to Q.
However, Seale and Archuleta (1989), found the quality factor Q to be important 
in their modeling, but including an attenuation factor also suppressed the model 
response above 10 Hz too severely when compared to the data.
Velocity
Comparisons of observed and synthetic spectral ratios with +20% 
perturbations of seismic velocity from the preferred model show that velocity 
uncertainties are a major source of error (Figure 18). The velocity changes were 
applied only to the layers overlying the crystalline basement. As described in an 
earlier section, the reflection and refraction data indicate that a 50% variability in 
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Considering that the aftershock recording sites are separated from the 
reflection/refraction sites by 0.2 to 0.3 km, it’s possible that the velocity structures 
could be significantly different. A -20% change in velocity causes a gradational 
shift to lower frequencies of all spectral peaks with frequencies above 5 Hz 
experiencing the greatest shift (almost 2 Hz). An opposite frequency shift occurs 
for the +20% velocity change. This shift in frequency is comparable to an 
equivalent change in layer depth. Peak amplitudes are not as severely affected by 
the velocity changes. Thus, the results shown in Figure 18 indicate that even a 
20% variation can cause significant changes in the spectral ratio, and that the 
model parameters described above are of secondary importance compared to 
seismic velocity. Most other studies (e.g., Joyner et al., 1976; Shearer and Orcutt, 
1987; Seale and Archuleta, 1989) that involve site response modeling derive their 
velocity data from borehole studies and thus appear to have better velocity control 
than this study.
Synthetic versus Observed Spectral Ratios
Given the relative importance of the modeling parameters described above 
we can now test the overall effectiveness of the technique in predicting site 
response at two locations. Results are summarized by comparing observed 
aftershock spectral ratios with synthetic ratios from the nearest 
reflection/refraction sites (Figure 19). Each site is presented as a ratio between 
the site and the BAR reference site. Figure 19 thus compares the site/reference 
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Figure 19. Top: Dashed lines are the synthetic spectral ratios of SCH/BAR that
were generated usin^ the preferred model (see Figure 14) as compared to 
stacked observed ratios from BLA/BAR (solid line). Middle: Dashed 
lines are the synthetic spectral ratios of BVE/BAR that were generated 
using the preferred model (see Figure 14) as compared to stacked 
observed ratios from TRE/BAR (solid line). Bottom: Dashed lines are 
the synthetic spectral ratios of SCH/BVE that were generated using the
Ereferred model (see Figure 14) as compared to stacked observed ratios om BLA/TRE (solid line).
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The synthetic response of sites SCH and BVE are compared to sites observed 
aftershock recordings at BLA and TRE.
a: amplification levels and resonance peaks
For the 1 to 5 Hz frequency band the synthetic ratios underestimate the 
amplification of the observed data by factors of 2 to 4 (Figure 19, top and middle). 
The highest resonance peaks also occur in the 1 to 5 Hz frequency band of the 
observed data on all three components. On the verticals the strongest resonance 
occurs at about 3.5 Hz and suggests amplification factors of 4 to 6 over the 
reference site for the observed data(Figure 19, top and middle). The synthetic 
ratios also predict a (amplification factors of about 2) resonance at this same 
frequency. For the horizontal components a strong resonance peak typically 
occurs at about 1-2 Hz and 7 Hz. The peak amplification for these frequencies at 
site BLA is between 10 and 15. The synthetic ratios roughly duplicate the 1 and 7 
Hz resonance peaks, but with about 1/3 to 1/2 the amplification of the observed 
data (Figure 19, top and middle). On the observed data horizontal ground motion 
at basin site BLA is amplified 2 to 5 times relative to terrace site TRE over the 
entire frequency band of 1 to 10 Hz (Figure 19, bottom). The synthetic horizontal 
component data also show higher amplification in the basin by up to a factor of 3, 
but only at frequencies of 1,3 ,5, and 7 Hz (Figure 19, bottom). The poor 
agreement of amplification levels between the synthetic and the observed data is a 
common occurrence in other studies of this type. Joyner et al. (1976), and Joyner 
et al. (1981), among others, generated synthetic response data which
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underestimated their observed data by about the same amount as found in this 
study.
Between 5 and 10 Hz the ratio curve agreement breaks down between the 
observed and synthetic data for the vertical components and the horizontal 
components of site BVE (Figure 19, top and middle). For the observed vertical 
component data there is a decline in amplification to below 1. The vertical 
component synthetic ratios do not follow this decline and continue to predict mild 
amplification of about 2 to 4 at non-rock sites. For the radial component between 
5 and 10 Hz the synthetic-observed curve agreement is generally poor except for 
one resonant peak at about 7 to 8 Hz that suggests an amplification of about 3. 
This peak agreement exists for both the radial and tangential components of site 
SCH (Figure 19, top).
Among all three components compared in this study the best agreement 
between the observed and synthetic ratios occurs for the tangential component 
(Figure 19, top and middle). But, despite the overall trend agreement, the 
synthetic still underestimates maximum peak amplification between 1 and 5 Hz by 
about a factor of about 2 to 4. Maximum observed peak amplification factors 
range between 10 and 15 in this frequency band while the synthetic ratio estimates 
only a factor of 2 to 5.
b: sources of discrepancy
The good agreement for the tangential component versus the other two 
components might be explained by complications in the observed waveforms 
caused by waves, especially P-S converted phases, arriving from many directions.
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Converted P- and SF-waves scattered from other interfaces, such as the alluvium- 
Tertiary rock contact, outside of the assumed 2-dimensional plane of analysis are 
not incorporated in the model. The tangential component is not complicated by 
these converted phases and therefore, is easier to model. In order to avoid these 
phase conversion complications other workers have tended to avoid comparisons 
of synthetic vertical and radial components with observed data (e.g., Joyner et al., 
1976; and Seale and Archuleta, 1989). Joyner et al. (1981) did compare synthetic 
radial component data to observed data up to 10 Hz and found, similar to the 
results of this study, agreement in frequency only of one resonance at about 1 Hz 
and the synthetic amplitude underestimated the observed by about 40%. Seale 
and Archuleta (1989) examined synthetic and observed data of only the tangential 
component up to 20 Hz and found, unlike this study, relatively good agreement in 
amplitude; resonance peak prediction was about as successful as this study was at 
site SCH.
Both the observed and synthetic ratios appear to display two kinds of 
amplification: broadband and resonance. The broadband ground motion 
amplification, which results from impedance contrast amplification across a 
smoothly varying velocity gradient, tends to raise the overall amplification at the 
non-rock sites above 1 between 1 and 10 Hz. A simple impedance contrast 
calculation can be used to estimate the amplification factor A  \/A 2  produced by 
this broadband effect when a wave with amplitude A 2 leaves a layer with 
impedanceP2^2 and enters a layer with impedancep \V \  (Shearer and Orcutt, 
1987), it is
A \ /A 2 = \P2V2/PlVl]1/2- (4)
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If the wave enters slower velocity material, seismic amplitudes will generally 
increase. This calculation assumes the wave is totally transmitted from one 
material to another. Applying (4) to this study area, for example at site SCH, 
indicates an amplification factor of about 1.5 for 5-waves at the alluvium-Tertiary 
rock interface - a factor close to the minimum amplification observed in Figure 19 
in the 1 to 5 Hz frequency band at site SCH.
The resonance peak amplification, however, is a much stronger effect than 
the broadband effect. Resonance amplification is most obvious because it 
produces the ’spikey’ character of the ratios. Strong resonance peaks indicate 
possible reverberations between the ground surface and high impedance contrasts 
in the subsurface. For resonance conditions between a surface layer 1 over a half­
space (layer 2) Shearer and Orcutt (1987) also developed the following simple 
calculation for estimating wave amplification at the surface, which is
A1/A2  = |P2V2/ p i V l l  (5)
Applying (5) to site SCH for 5-waves and considering the Tertiary and alluvium as 
one unit, with velocity of 0.75 km/s and density of 2.1 g/cm3, over the crystalline 
rock (half-space), with velocity 2.5 km/s and density of 2.8 g/cm3, gives an 
amplification factor of about 4.5; a similar value to that obtained, for example, in 
Figure 19 (top) for the 1 Hz synthetic radial and tangential components.
c: computation of resonance peaks directly from seismic section
Maybe the most useful product of this study is the ability to predict the 
frequency of damaging resonances directly from the reflection data. As described 
above a strong resonance occurs at about 3.5 Hz on the vertical component and
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about 1 to 2 Hz on the two horizontal components. These resonant frequencies 
could be predicted from the reflection data using a method described by Backus 
(1959) in which the fundamental frequency, in this case the 1 to 2 Hz resonance 
peaks on the horizontal components, is one-fourth of the reciprocal of the one-way 
time through the bed, and frequencies for higher harmonics are odd multiples of 
this frequency
f n = 1/4T  (6)
where fn is the frequency of nth harmonic and T is the one-way traveltime for a 
event on the reflection records. Recall that the 2-way travel time of the crystalline 
basement reflector at, for example, station SCH (Figure 6), occurs at a time of 0.19 
s. Equation (6) predicts that this structure would produce a fundamental 
resonance peak at about 2.6 Hz - very close to the observed spectral peak at about 
3 Hz on Figure 19. Obviously, the same procedure can be used to predict 5-wave 
resonances. But, lacking the 5-wave reflection data, we can construct a 
hypothetical 5-wave reflection profile using the P-wave reflection data and the 5- 
wave velocity data from this study which suggests a 3:1 P-/5-wave velocity ratio. 
Applying this approximate velocity structure to the reflection profile at SCH 
suggests that the basement reflector on an 5-wave reflection profile would occur at 
about 0.57 s. This corresponds to a fundamental resonance frequency of about 0.9 
Hz - very close to the 1.0 Hz value observed for the radial and tangential 
component of site BLA and close to the broad 1-2 Hz resonance peak observed at 
site TRE shown in Figure 19 (top and middle). Higher harmonics should then 
occur at 3,5, 7, ...Hz. These modes are present on the tangential component at
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SCH, but the presence of the 3 and 5 Hz harmonics on the radial component is 
unclear.
Following the same modeling procedures a few other sites were also modeled 
but with generally less success than described above. The uncertainties in the 
velocity data and the mixed results for the modeling fit of the models, especially 
for the horizontal components of site BVE suggests a reevaluation of the data 
needed to perform this type of study more successfully. Changing the model 
parameters to fit the data at this stage would defeat the original intent of the 
technique which was to estimate site response from interpretations of the 
reflection and refraction data.
Violation of Identical Path Effects?
The generally poor agreement in curve shape between observed and 
synthetic ratios for sites SCH and BVE relative to BAR as shown in Figure 19 (top 
and middle) could be caused by a violation of a key assumption in spectral ratios 
site response studies: identical seismic wave paths except for the surficial material 
near the receiver. As described in an earlier section, for the frequencies used in 
this study the identical path assumption is certainly violated. To test for this 
violation, a ratio of the responses from sites SCH and BVE was formed; these two 
sites are associated with aftershock recording sites BLA and TRE respectively, 
which were also ratioed. These stations are separated by less than a 1 km 
compared to the 2.0 to 2.5 km distance between these sites and site BAR.
However, the results show that the synthetic horizontal component ratios of 
SCH/BVE are a worse fit to the observed BLA/TRE ratios (shown at the bottom
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of Figure 19) than the SCH/BAR-BLA/BAR and BVE/BAR-TRE/BAR 
combinations shown at the top and middle of Figure 19. The vertical component 
ratio of SCH/BVE has relatively good agreement with the observed data relative 
to the horizontal components. The vertical SCH/BVE ratio is relatively flat 
because the near-surface F-wave velocity structures are nearly the same. The 
observed ratio BLA/TRE is also relatively flat out to about 4 Hz, but then the 
synthetic and observed responses diverge slightly. Beyond 4 Hz the synthetic 
vertical remains relatively flat, whereas at about 5 Hz, the observed ratio 
BLA/TRE shows ground motion amplification factors of about 2.5 at BLA relative 
to TRE. The relatively good agreement of the SCH/BVE-BLA/TRE vertical 
components up to about 4 Hz is not unexpected because this frequency band was 
fairly well predicted for the SCH/BAR-BLA/BAR and BVE/BAR-TRE/BAR 
combinations. The synthetic responses of the SCH/BVE horizontal components 
are a much poorer fit to the observed BLA/TRE ratios, which is probably a result 
of the poor estimate of the 5-wave velocity structure at BVE, as shown by the 
BVE/BAR-TRE/BAR ratio comparisons.
Due to the shorter distance between sites BVE-TRE and SCH-BLA relative 
to BAR, these ratios were expected to have fewer complications with paths effects, 
and therefore, exhibit more similarity to the observed data. However, only the 
vertical component (up to 4 Hz) shows closes curve agreement for the SCH/BVE 
ratios, and thus indicates that path effects may be an important factor. Other than 
this limited observation, the results contradict expectations, and the problem of 
path effect complications remains unresolved.
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CONCLUSIONS
The primary objective in this study was to develop and evaluate a technique 
capable of predicting a site’s seismic ground response using geologic models 
derived primarily from high-resolution seismic reflection and refraction data. A 
successful development of this technique would provide a valuable, relatively low- 
cost tool for zoning earthquake ground-shaking hazards in urban areas. 
Unfortunately, as used in this study, the technique appears to have seismic velocity 
control weaknesses and, as a result it, produced inconsistent results: some poor 
and some reasonably good. Compared to other techniques which utilize borehole 
data to calculate the models, this technique rated no worse in predicting the 
amplitude and spectral position of low frequency resonances.
To evaluate the technique, synthetic spectral ratio estimates were developed 
at two sites and compared to a sum of eight observed spectral ratios derived from 
earthquake aftershock recordings over the 1 to 10 Hz frequency band. The 
synthetic spectral ratios were produced from plane horizontal multi-layer models 
over a half-space with constant velocity and density in each layer. The reflection 
data revealed an impedance structure with several prominent reflections down to a 
depth of about 250 m. The most important event on the reflection data is the 
crystalline basement interface at 200 to 250 m depth. This reflector was connected 
to a fundamental resonance on the aftershock data by a simple 1/4-wavelength 
traveltime calculation.
The technique of comparing synthetic and observed spectral ratios showed 
limited success, generally below 5 Hz on the vertical components at both sites as a
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broad resonant peak was predicted between 3 and 5 Hz, however, the synthetic 
amplitude was about a factor of about 2 below the observed data. For the radial 
components only the position, not the amplitude, of resonances at about 1 and 7 
Hz were successfully predicted at one site. Only one tangential component was 
also reasonably well predicted in amplitude and frequency of resonances at 1,3, 
and 7 Hz. The amplitudes of these resonances were underestimated by a factor of 
about 2. An important success of this study was that, like the observed data, the 
synthetic data showed an increase in amplification in the alluvial basin, an area of 
high damage and one death during the Loma Prieta earthquake, relative to the 
nearby, generally low damage terrace site.
The effects of incidence angle, density, attenuation (Q), and seismic velocity 
on seismic response were also evaluated. It was found that compared to seismic 
velocity, the other effects were of secondary importance. A test for a violation of 
the "identical path" assumption, used in spectral ratio studies of this type, was 
inconclusive; apparently a poor 5-wave velocity model at one of the sites was to 
blame.
Given the data available and incorporated into this study the technique 
proved useful in estimating low-frequency resonances on horizontal and vertical 
components at only one of two sites. But, because this limited success is intriguing, 
abandoning the technique does not seem appropriate. Therefore, future 
applications of this technique should include, 1) better control of seismic velocity 
at depth, especially 5-waves, via longer geophone spreads, 2) 5-wave seismic 
reflection data, and 3) a plan to install aftershock recording seismographs at the 
same location of the reflection/refraction sites.
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